Piscivorous birds consume diets which are rich in highly-polyunsaturated n-3 fatty acids; these play vital roles in embryonic development but are very susceptible to oxidative damage. The effects of such diets on the fatty acid composition and antioxidant content of the yolk were investigated in the northern gannet Morus bassanus, the great skua Catharacta skua, the American white pelican Pelecanus erythrorhynchos and the double-crested cormorant Phalacrocorax auritus. The phospholipid fraction of the eggs of these four species contained high proportions of the n-3 fatty acid, docosahexaenoic acid, which formed 7.5±11.3% (w/w) of the fatty acids of this fraction. The presence of eicosapentaenoic and docosapentaenoic acids also contributed to the total n-3 content of the phospholipid. The n-6 polyunsaturate, arachidonic acid, formed between 8% and 19% (w/w) of the phospholipid fatty acids. For the pelican and cormorant, this is consistent with the consumption of freshwater ®shes in which arachidonic acid may be a signi®cant acyl constituent. This ®nding is, however, more dif®cult to explain for the gannet and skua which largely consume marine ®sh with a low arachidonic acid content. The yolks of all four species contained relatively high concentrations of vitamin E (90.2±302.3 mg g 71 wet yolk) which was mainly present as a-tocopherol.
INTRODUCTION
The lipids of the yolk supply the avian embryo with almost all of the energy required for development and also provide components for the formation of cell membranes. The membrane phospholipids of many cell types in the embryo exhibit characteristic fatty acid pro®les which are related to the function and the stage of differentiation of the particular tissues. Most notably, the phospholipids of the brain and retina are distinguished by a high content of docosahexaenoic acid (22:6n-3), a long-chain highly polyunsaturated fatty acid of the n-3 family that imparts unique biophysical properties to the neuronal and retinal cell membranes, possibly to facilitate axon outgrowth, synapse formation, neurotransmission and photoreception. Arachidonic acid (20:4n-6), a long-chain highly polyunsaturated fatty acid of the n-6 family, is also a major component of the neuronal phospholipids, but is present in especially high proportions in the phospholipids of the embryonic liver and heart where it functions in signal transduction and eicosanoid synthesis. Various amounts of arachidonic and docosahexaenoic acids are present in the yolk lipids of all avian species that have so far been investigated. This provision can, however, be supplemented by the conversion of yolk-derived linoleic (18:2n-6) and a-linolenic (18:3n-3) acids to arachidonic and docosahexaenoic acids, respectively, as a result of sequential desaturation and elongation reactions expressed in the yolk sac membrane and the embryonic tissues. Since animals are unable to synthesize n-6 and n-3 polyunsaturates from saturated or monounsaturated fatty acids, and also lack the capacity for interconversions between the n-6 and n-3 families, the presence of adequate amounts of both n-6 and n-3 fatty acids in the lipids of the yolk is essential to satisfy the demands of the developing tissues. These aspects of the roles of polyunsaturated fatty acids in the avian embryo have been described in several recent review articles Speake & Thompson, 1999) .
Most of our knowledge of yolk lipid composition has been obtained from studies on eggs of the domestic chicken (Noble & Cocchi, 1990; Kuksis, 1992) . This species is a natural granivore and is usually fed on grain-based diets which supply linoleic acid as the main polyunsaturate (Klasing, 1998; . Thus, in the chicken, linoleic acid is the predominant polyunsaturate of the yolk lipids, which also contain some arachidonic and docosahexaenoic acids as a result of their synthesis in the maternal liver from C 18 precursors (Noble & Cocchi, 1990) . It is, however, important that the fatty acid pro®le of eggs of the commercially reared chicken should not be regarded as a standard for avian species generally. First, it is clear from feeding trials performed on the chicken that the pattern of polyunsaturates in the yolk is highly malleable and depends to a large extent on the fatty acid composition of the hen's diet; for example, dietary supplementation of the hen with ®sh oil greatly increases the amount of docosahexaenoic acid in the yolk lipids . Secondly, the 9000 extant species of birds are highly diverse in their trophic modes with each dietary strategy providing a characteristic mix of polyunsaturates (Klasing, 1998) . Thus, it may be envisaged that granivory, herbivory, insectivory, carnivory, piscivory, frugivory, etc., alone or in various combinations, will result in eggs with distinct polyunsaturate signatures. For instance, the de®ning feature of the yolk lipids of several herbivorous species is the preponderance of a-linolenic acid derived from the lipids of plant chloroplasts and forming a marked contrast to the fatty acid composition of the chicken's egg. Although the egg of the domestic chicken has inevitably been the source of most of the compositional data for avian yolk, there are limitations in generalizing such ®ndings since the chicken has been intensively selected for egg production and consumes manufactured feedstuffs.
The yolks of ®sh-eating birds are of potential interest because ®sh lipids are an exceptionally rich source of long-chain n-3 polyunsaturates, particularly docosahexaenoic acid and eicosapentaenoic (20:5n-3) acids (Gunstone, Wijesundera & Scrimgeour, 1978; Henderson & Tocher, 1987; Cowey, 1988) . A high concentration of these fatty acids in the yolk lipids could place certain demands on the embryo. In contrast to the embryo of the chicken which expresses a series of mechanisms to ensure the preferential transfer of docosahexaenoic acid from the yolk to the brain , such selective delivery may be redundant or even deleterious in embryos of piscivores where the priority may be to avoid exceeding that concentration of docosahexaenoic acid in brain phospholipid which is optimal for neuronal function. The emperor penguin Aptenodytes forsteri is the only ®sh-eating bird for which information on yolk fatty acid composition is currently available (Speake, Decrock et al., 1999) . Whereas the emperor penguin's yolk lipids are indeed highly enriched with long-chain n-3 polyunsaturates, the proportion of these fatty acids in the yolk is less than that in the maternal diet, presumably to attune the fatty acid pro®le of the egg towards the needs of the embryo (Speake, Decrock et al., 1999) . This and other evidence suggest that the fatty acid pro®le of the yolk is not simply a passive re¯ection of that of the maternal diet but also re¯ects phylogenetic differences between avian species that have evolved to provide some synchrony between dietary supply and embryonic demand.
The polyunsaturated lipids of the developing tissues are potentially at risk of peroxidative damage resulting from the action of free radicals and reactive oxygen species that are generated as by-products of embryonic and neonatal metabolism (Surai, Noble & Speake, 1996 , 1999b . The embryo's defence against such harmful effects is provided by a range of antioxidants, particularly the lipid-soluble components including vitamin E, vitamin A and carotenoids, which are transferred from the yolk during development for distribution to the various embryonic tissues (Gaal et al., 1995; Surai, Noble & Speake, 1996; Surai & Speake, 1998a,b) . The concentration of the various lipid-soluble antioxidants in the yolk is dependent to a large extent on the maternal dietary intake of these components (Surai, Gaal et al., 1997; Surai, Ionov, Kuchmistova et al., 1998; Surai & Speake, 1998a; and will therefore vary according to the trophic mode of the different avian species . The embryos of piscivorous birds may be particularly susceptible to peroxidative damage owing to the prevalence of long-chain highly polyunsaturated fatty acids in the maternal diet and consequently in the yolk. The deposition of antioxidants in the yolk at concentrations that are adequate to counteract the peroxidative susceptibility of the yolk lipids may therefore be a priority for ®sh-eating birds.
The present study describes the pro®les of fatty acids and lipid-soluble antioxidants in the yolks of four species of ®sh-eating birds, the northern gannet Morus bassanus, the American white pelican Pelecanus erythrorhynchos, the double-crested cormorant Phalacrocorax auritus and the great skua Catharacta skua.
MATERIALS AND METHODS
All eggs were collected from nests of free-living individuals under licence from the relevant statutory authorities. Gannet eggs were collected in 1999 on the island of Ailsa Craig off the south-west coast of Scotland and only 1 egg was taken from each nest. Skua eggs were collected in June 1982 in the Shetland Isles, U.K.; 3 eggs originated from 1 female and the other 2 eggs were from 2 other females. Cormorant eggs were collected in 1998 at Lake Dore and pelican eggs in 1999 at Lake Lavallee, Saskatchewan, Canada, with 1 egg taken from each nest. All yolks were immediately frozen and stored at 720 8C until analysis.
Total lipid from egg yolk was extracted by homogenization in a suitable excess of chloroform±methanol (2:1, v/v). The mass of total lipid was determined gravimetrically on a portion of the extract after evaporation of the solvent. The major lipid classes in the extracts (triacylglycerol, phospholipid, cholesteryl ester, cholesterol, free fatty acid) were isolated by thin-layer chromatography on silica gel G using a solvent system of hexanediethyl ether±formic acid (80:20:1, by vol.); visualization of the bands, elution of the lipid classes from the silica and transmethylation to form fatty acid methyl esters were performed as described previously (Noble, McCartney & Ferguson, 1993) . The fatty acid methyl esters were analysed by gas-liquid chromatography using a capillary column (Carbowax, 30 m60.25 mm, ®lm thickness 0.25 (m; Alltech, Carnforth, U.K.) in a CP9001 Instrument (Chrompack, Middleburg, The Netherlands) connected to an EZ Chrom Data System (Scienti®c Software Inc., San Ramon, CA, U.S.A.). The Data System enabled the expression of the fatty acid compositions in terms of wt.% and also enabled the calculation of each lipid class from which the methyl esters were derived. The identi®cation of the peaks was con®rmed by comparison with the retention times of standard fatty acid methyl ester mixtures (Sigma, Poole, U.K.). Free cholesterol was determined using an enzymatic-colourimetric kit (Boehringer, Lewes, U.K.).
Carotenoids were isolated from the yolks by hexane extraction as previously described (Surai & Speake, 1998a) . The concentration of total carotenoids in the extracts was determined from the absorbance at 442 nm using lutein (Fluka, Gillingham, U.K.) as a standard. Concentrations of vitamin E isoforms and of vitamin A (in the form of retinol) were measured in the same extracts using a previously described method (Gaal et al., 1995; Surai, Noble et al., 1996) . In brief, the extract containing the lipid-soluble vitamins was injected onto a Spherisorb type S30DS2 3m C 18 reverse phase HPLC column, 150 mm64.6 mm (Phase Separations Ltd, Clwyd, U.K.) and identi®ed by¯uorescence detection with reference to standard solutions of the vitamin E forms (a, b, g and d-tocopherols and tocotrienols) and of all-trans-retinol.
RESULTS
The eggs of all four species contained triacylglycerol as the major lipid class followed by phospholipid, cholesteryl ester and free cholesterol with a small proportion of free fatty acid also present (Table 1) . Notable features of the fatty acid pro®les of the lipid classes of the gannet eggs (Table 2) were the prevalence of C 20-22 polyunsaturates of both the n-6 and n-3 families and the relatively low proportions of C 18 polyunsaturates. Arachidonic acid was the main polyunsaturate in the phospholipid Table 1 . Lipid class pro®les of the yolks of the gannet (n = 4 eggs), skua (n = 5), pelican (n = 5) and cormorant (n = 10 fraction with eicosapentaenoic and docosahexaenoic acids also making a substantial contribution. Docosahexaenoic acid was the main polyunsaturate in the triacylglycerol fraction whereas arachidonic and eicosapentaenoic acids were the major polyunsaturates of cholesteryl ester. The fatty acid composition of the skua eggs (Table 3 ) was broadly similar to that of the gannet. Linoleic and a-linolenic acids were again minor components and the polyunsaturate pro®le was dominated by the n-6 and n-3 C 20±22 fatty acids. Docosahexaenoic acid was the major polyunsaturate in phospholipid, which also contained a substantial proportion of arachidonic acid. Very little arachidonic acid was present in triacylglycerol where docosahexaenoic acid was the main polyunsaturate. Substantial proportions of docosahexaenoic acid, eicosapentaenoic and arachidonic acids were also found in cholesteryl ester.
Arachidonic acid was the predominant polyunsaturate of the pelican yolk, with particularly high levels present in phospholipid and cholesteryl ester (Table 4) . Docosahexaenoic acid was the second most prominent polyunsaturate of yolk phospholipid and the total contribution of n-3 fatty acids was augmented by the presence of eicosapentaenoic and docosapentaenoic (22:5n-3) acids. The highest proportions of docosahexaenoic and eicosapentaenoic acids were found in cholesteryl ester.
The yolk lipids of the cormorant (Table 5) were also characterized by high proportions of arachidonic acid, particularly in the phospholipid and cholesteryl ester fractions. Docosahexaenoic, eicosapentaenoic and docosapentaenoic acids together ensured that n-3 polyunsaturates also made a large contribution to the phospholipid fraction.
In the yolks of all four species, a-tocopherol was the predominant isoform of vitamin E (Table 6 ). The only other isoform detected was g-tocopherol which was present at much lower concentrations and was not detected in the pelican eggs. Similar levels of retinol were present in the eggs of all the species apart from the cormorant where the concentration of retinol was very low. The concentration of total carotenoids was far higher in the yolks of the pelican and the cormorant than in those of the gannet and skua; in fact the pelican eggs contained more than 10 times the concen- Ratio: n-3/n-6 1.9 1.5 2.1 Ratio: n-3/n-6 1.0 0.5 0.8 tration of carotenoids than were detected in the eggs of the skua.
DISCUSSION
The pro®le of fatty acids and antioxidants in egg yolk should re¯ect the diet of the female parent during egg formation as well as related physiological mechanisms shaped through ecogenesis. However, similarities among species may also arise because of a shared evolutionary history. Phylogenetically, the species that are the subject of the present paper are all placed in the Ciconiiformes. However, whilst the gannets (Sulidae) and cormorants (Phalacrocroacidae) share a relatively recent common ancestry, the skuas (Laridae) and pelicans (Pelecanidae) are phylogenetically distant from the gannets and cormorants and from each other (Sibley & Ahlquist, 1990) . The data that we have presented may suggest that ecological factors including diet, rather than phylogeny per se, most strongly determine the fatty acid and lipid-soluble antioxidant pro®le of egg yolk. However, without access to similar detailed data for sister taxa of these four species, we cannot exclude the possibility that the interspeci®c differences that we observed re¯ect phylogeny, at least in part. Because so few data are available on other species of birds, it is not known which level of phylogenetic analysis (family, order, etc.) is most appropriate for representing independent evolutionary events. Trophically, it may be appropriate to consider the gannet and skua together since both feed at sea whereas pelicans and cormorants primarily use inland waters during the period of egg formation (Cramp, Bourne & Saunders, 1974; Perrins, 1990) . The diets of the gannet and skua will, therefore, consist mainly of marine ®sh whereas freshwater ®sh will predominate in the diets of the pelican and cormorant. Gannets feed mainly on shoals of herring and mackerel, capturing their prey by plunge-diving from the air. Skuas, by contrast, obtain most of their food by kleptoparasitism, mainly of gannets. Thus there is likely to be some similarities between the dietary items used by these two seabirds (Cramp et al., 1974; Perrins, 1990) . The great skua is, however, a highly opportunistic feeder and, in addition to kleptoparasitism, will also feed on carrion and on other birds and their eggs. Thus, although marine ®sh make a large contribution to the skua's diet, it is not strictly correct to de®ne this bird solely as a piscivore. We have previously shown that the yolk lipids of the emperor penguin, an Antarctic seabird which achieves a very high intake of n-3 polyunsaturates from its diet of myctophid ®shes and squid, are especially enriched with docosahexaenoic acid and to a lesser extent eicosapentaenoic acid (Speake, Decrock et al., 1999) . Thus, docosahexaenoic acid formed 12% of the fatty acid mass in the phospholipid of the penguin's eggs compared with less than half this value in eggs of the chicken. This Ratio: n-3/n-6 1.0 0.6 0.6 Table 6 . Concentrations (mg g 71 wet yolk) of lipid-soluble antioxidants in eggs of the gannet (n = 4), skua (n = 5), pelican (n = 8) and cormorant (n = 21 fatty acid also formed about 4% of the fatty acid mass in the triacylglycerol fraction of the penguin eggs whereas this lipid class in the chicken's egg is almost devoid of this polyunsaturate. Although arachidonic acid is only present at trace levels in the diet of the emperor penguin, this fatty acid forms 6% of the fatty acid mass in the yolk phospholipid; presumably this re¯ects the ef®cient use of the limited dietary intake of this fatty acid for yolk formation. The other main feature of the yolk lipids of the penguin were the low levels of the C 18 polyunsaturates, linoleic and a-linolenic acids, especially in comparison with the yolks of granivorous and herbivorous birds (Speake, Decrock et al., 1999; . Relatively high proportions of docosahexaenoic acid were also present in the yolk phospholipid of the cormorant, pelican, gannet and skua, although only in the skua did this approach the value reported for the emperor penguin. However, in the eggs of these four piscivores, the total contribution of C 20±22 n-3 polyunsaturates to the composition of the phospholipid was augmented by the presence of eicosapentaenoic and docosapentaenoic acids, fatty acids which are normally absent in eggs of the chicken. Moreover, in the gannet and skua and to a lesser extent in the pelican and cormorant, a signi®cant amount of docosahexaenoic acid was present in yolk triacylglycerol; this re¯ects the distribution of this fatty acid among the yolk lipid classes reported for the penguin but contrasts with the pattern in the chicken's yolk. A further compositional feature of the eggs of the four piscivores of the current study, in common with eggs of the penguin, is the low level of C 18 polyunsaturates; this is particularly evident for eggs of the gannet and skua.
The salient feature common to the four species of the present study, but distinct from the data reported for the penguin, was the presence of high proportions of arachidonic acid in the yolk lipid, particularly in the phospholipid and cholesteryl ester fractions. Although long-chain n-3 polyunsaturates are the characteristic fatty acids of both marine and freshwater ®sh, the latter often also contain high levels of arachidonic acid (Gunstone et al., 1978; Henderson & Tocher, 1987; Cowey, 1988) . The predominance of freshwater ®sh in the diets of the pelican and cormorant during the egglaying period could, therefore, explain the presence of high levels of arachidonic acid in the yolks of these species. It is, however, much more dif®cult to explain the observation that this n-6 fatty acid is the major polyunsaturate of the yolk phospholipid of the gannet. Herring, which form a major part of the gannets' diet, contain docosahexaenoic and eicosapentaenoic acids at about 16% and 12%, respectively, of the total fatty acid mass whereas arachidonic acid is present at < 1% (Gunstone et al., 1978; Cowey, 1988) . Possibly, the metabolism of the female gannet may be extremely ef®cient in marshalling the limited dietary supply of arachidonic acid for yolk lipid synthesis so as to maintain a balanced provision of n-3 and n-6 fatty acids to the embryo. As previously mentioned, a similar but less dramatic biomagni®cation of the proportionate content of arachidonic acid occurs during yolk formation in the emperor penguin (Speake, Decrock et al., 1999) . The present results therefore provide further evidence for the view that the fatty acid pro®le of the yolk is greatly affected by, but is not simply a passive re¯ection of, the fatty acid composition of the maternal diet. Thus it seems that discriminatory metabolic events in the female bird during yolk formation may impose a degree of selectivity with regard to the incorporation of different fatty acids into the yolk lipids.
A likely consequence of the preponderance of highly polyunsaturated fatty acids of both the n-6 and n-3 series in the eggs of the four species of piscivores will be the accumulation of these same fatty acids in the lipids of the embryonic tissues , thus potentially rendering these tissues susceptible to free radical-induced peroxidative damage (Surai, Noble et al., 1996) . This vulnerability may become particularly pronounced during the hatching and neonatal periods when the chick becomes exposed to atmospheric oxygen and undergoes an increase in metabolic rate (Surai, Noble et al., 1996) . Protection against such harmful effects is provided mainly by vitamin E, an important lipidsoluble antioxidant which is transferred from the yolk to the embryonic tissues during development (Surai, Noble et al., 1996 , 1999 . Vitamin A, another lipidsoluble yolk component, also bestows some antioxidant protection to the developing tissues in addition to its roles in regulating pattern formation in the embryo, the control of epithelial differentiation and the functional development of the retina (Surai, Ionov, Kuklenko et al., 1998) . Carotenoids are also effective as antioxidants, particularly at the low oxygen tensions that prevail in the embryo, and have additional roles in the regulation of cell proliferation and differentiation; some carotenoids can be used as precursors for the synthesis of vitamin A in the embryonic tissues (Surai & Speake, 1998a) . Moreover, it has been suggested that the level of carotenoids in the egg yolk could be an important determinant of the viability of the newly-hatched chick, partly as a result of the immunomodulating properties of these pigments Mùller et al., 2000) .
In common with the eggs of other avian species (Surai & Speake, 1998b; Surai, Ionov, Kuchmistova et al., 1998; Speake, Decrock et al., 1999; , almost all the vitamin E in the eggs of the gannet, skua, pelican and cormorant was present as the a-tocopherol isoform. The concentration of vitamin E in the yolk of the skua eggs was similar to the values reported for eggs of a phylogenetically broad range of avian species including the lesser black-backed gull Larus fuscus (Royle et al., 1999) , the Canada goose Branta canadensis and the emperor penguin (Speake, Decrock et al., 1999) , whereas the eggs of the gannet, pelican and cormorant contained much higher concentrations of this vitamin. A similar concentration of vitamin E in eggs of the domestic chicken can only achieved by supplementing the dietary ingredients with high levels (200±400 mg kg 71 feed) of tocopheryl acetate (Jiang, McGeachin & Bailey, 1994) . The pelican and the cormorant, which include freshwater ®sh in their diets, achieved much greater concentrations of carotenoids in their yolks than did the gannet and skua whose intake consists largely of marine ®sh. The emperor penguin, which also relies on marine ®sh, produces eggs which contain very low levels of carotenoids . The carotenoid levels in the gannet and skua eggs were, however, similar to those of the wild Canada goose and of domestic poultry (Surai, Ionov, Kuchmistova et al., 1998) . The concentration of carotenoids in the yolk of the domestic chicken can, however, be greatly increased to levels similar to those observed for the pelican and cormorant by supplementing the hen's standard diet with high levels of carotenoids (Haq, Bailey & Chinnah, 1996; Surai & Speake, 1998a,b) . The interspeci®c variation in the yolk concentrations of vitamin E and carotenoids will be due to differences in dietary intake, absorption and the ef®ciency of incorporation into the lipoproteins which function as yolk precursors (Surai, 1999) ; for carotenoids, the proportion which is converted to vitamin A in the laying female will also be a factor (Surai & Speake, 1998a) . It is evident from the standard deviations of the values in Table 6 that there is a high degree of variability in the concentrations of vitamin E and carotenoids among individual eggs from the same species, particularly for the pelican and cormorant. This is not the result of errors in methodology since the coef®cients of variation of these parameters when replicate portions (n = 5) of the same yolk were extracted were < 1%. The concentrations of retinol in the yolks of the gannet, skua and pelican were similar to those reported for domestic poultry (Gaal et al., 1995; Surai, Ionov, Kuklenko et al., 1998) and for the lesser black backed gull (Royle et al., 1999) . The eggs of the cormorant were, however, relatively low in retinol. Possibly, vitamin A in eggs of this species is largely present in the form of retinyl esters or, alternatively, this vitamin could be synthesized in the embryo from yolk-derived carotenoids. Thus, in eggs of the pelican and cormorant (and to a lesser extent of the gannet and skua), the high degree of polyunsaturation would certainly seem to be adequately counterbalanced by the abundant provision of vitamin E and carotenoids. Yolk carotenoid levels varied widely within and among species despite consistently high levels of polyunsaturated fatty acids. Perhaps such differences in yolk antioxidant levels are shaped by factors in addition to the need for protection against lipid peroxidation, including the development of the immune system and carotenoid-based signalling in offspring. Individual differences in the capacity to provision yolk with antioxidants may have wide implications for life-history differentiation . Such comparative questions await investigation but studies such as this may contribute to the accumulation of such a comparative data base.
